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Wehavf-anaiv/tdtK .iMtvoti, H < , , . intlu.on . rc n o- 1^. pi .^^^ tumor .upp AKF U uf , r. . 

the growth and vidbihty ot an ir ,v ot .u 1 « rt I , , . o' i,.ou- on, n ,v . [.^^ and Rb .t tus njrcrl nl t sh ^. 

rlinical potential of ARF An imp. tint KtiM s >r ^RF is --tguhtioi )i pS. st ,h tv in i tunetioi througn h ncin^ u idr 
protein By sequestering mdm2 ARF nay promote growth suppresMon tnrough the Rb | ithv\ i\ m we'l b^.ust. mnn ^ l nl ir 1 1 
Rb and attenuate its function. Whereas the high frequency of ARF gene deletion in human r^nrers iccountin" for some 4')"' - 
( incers overall suggests that ARF would be a strong candidate for therapeutic application th. i .K , i ^(,. \ , j XRF u ' v 

un p.x3 and Rb function presents a potential limitation to its application, as these functions ar£> often im|>,iirH in c-incer We show 
he.e that a replication -detective adenovirus, Ad1|i, encoding the exon 1(3 region of ARF is most effective in tumor cells expressing 
endogenous wild-type p53. Nevertheless, Ad10 suppresses tumor cell growth and viability in vitro and in vivo, inducing Gl or G2 
cell cycle arrest and cell death even in tumor cells lacking both functional Rb and p53 pathways, and independently of induction of 
the p53 downstream targets, p21 , bax, and mdm2. These results point to an activity of ARF in human tumor cells that is independent 
of Rb or p53, and suggest that therapeutic applications based on ARF would have a broad clinical application in cancer 
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The ARF tumor suppressor (pl4'^'^''^ in humans, pi 9'^'*'' 
in mice) is encoded witliin the lNK4a locus on 
chromosome 9p21 and acts upstream of p53 to regulate its 
stability and function.'-- By interacting with mdm2 and 

blockmp mdm2-mediated dearadation of pS^ ' ■"' ARF 

bv p53 ' and rt.\stores mdm^ -abrogated. p-> i -mediated 
tdl c\e!e airest The exon I i encoded sequuiee ot \R}- 
IS the most conserved region between inice and humans 
particularly m the first 25 ammo acid residues and is 
sufficient to inhibit mdni2 acti\ u\ stibih/e pi" and in- 
duce cell cycle arrest." ARF exerts its tumor suppressor 
activity primarily by enhancing p53 stability and function, 
but ma\ promote ^.o*\t[- supp ess on thioush the Rb 
pdtlw i\ IS Veil poss hlv th 0U4h m effect on mdm2 
w-h'e' 11 ^e s'(un ->nd tt Rj ii d nl bit irs 
function. 

f/le lit ttltt I I iRi le lunm suppress e i/io I^ 
e\ident liom tudies ot mice generateu thmtr, taitci t, 
disruption ot exon 13 and therefore lack \Ri .uion, 
*s, < h i„cj aie highly cancer-prone and shmx ^ibei otvpe 
r of mice Ipcking pSl In human career 
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ARF gene deletion has now emerged as the second most 
frequent event in cancer (second to p53 gene alteration), 
occurnng in some 40% of cancers overall.'-'- ARF and p53 
abnormalities have been observed to occur in a reciprocal 
manner m certain cancers, as would be expected based on the 
model in which ARF and piS play roles in the same 
pathwav, ■' 

Although the high frequency of ARF eene deletion in 
most human cancers and its involvement in two central 
pathways ot tumor suppression would make ARF a prime 
candidate for therapeutic application tor canrer the possi- 
bility that Its tumor suppressor activity requires that either the 
p53 or Rb pathway be intact is a potential limitation to its 
application, as these pathways are frequently lost together in 
cancer To further undeist. nd tne irteidependeiiee if ARF 
ne p->3 n umi n tu loi lines ot ^nnvn ci do eiKus ART 
111 stitus \\v h \ev.\ni It L tie response I hese i 1 

lines to adeno\ ir-il veeio s ei,ei i i ir ix e^c i I j 

nortion oi huaitin AKl v \. i , i h,io i e. s 

endogenous pS"* status is a stroia prcd O i uf elli 1 r 
response to AdH comistc ,t w ith tne -ove model K<i\ is 
af!e 1 M| -e-v le , I ^ 1 I. , ,K of tumors cells 
lacK'i^ ecu L, e.rr. id-typc p53, and 

laek.i g . !l. Kti ' I RH pii, \ , \ inducing partial 
o eo -ipieiv. .t I v\tk" iirtsi c>s v\e I s ecli death m these 
eehs ii^c results si pport a p53-dependcnt mechanism for 
\KF bi>i poi,it lo ,\L^i anism for ARF that is independent 
of p53 as well. 



Materials and methods 

Cell lines and growth conditions 

Ml cell lines except \2n2 were obtained from the American 
C\.:(L!-e C-o'ieciior, i.WCC. Rockville, MD). An 
esirogen receptor - i-.egatn e clone of MCF7 cells derived 
ircm the .ATC C MCF" cell linv' ' was ii.sed in these studies. 
\iunne \2n2 cells \\ere kinJK proM.ied hx Di luseph 
Lastrarten ( Sidne\ kiPintl ( a-xer C e-ner. San Diego, C \j 
c.nc were oiiginall> derued iroin f \ B-neuN mice"(N202) 
bearing the rat neu protooncogene dnven by the mouse 
mammary tumor virus (MMIVi promoter/enhancer.'' 
Such mice are predisposed to spontaneous mammary car- 
cinomas that o\ere\piess the lat plS^ neu piotein N202 
cells express \\ild-t\pe p5^ ahd expiess endogenous ARE 
(Y Huang, unpublished duta j To ftcilit.,te n umj detection 
at \202 cells, thev weie modified v\ith an expression \ec- 
tor encoding an H2B-Green Huorescent Protein (Gl-P) 
UiMon prolem (vector kindly provided by Dr Geoffrey 
^ahl. Salk Institute). All cell lines were mamtamed at 
37 C m 10% CO2 in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with nonessential amino acids, 
pyruvate, and L-glutamine. Fetal bovine serum (heat- 
inactivated at 56°C for 30 minutes) was added to 10%. All 
media, additives, and serum were obtained from Irvine 
Scientific (Santa Ana, CA). 

Reverse transcriptase polynu:r,iso rti.vn reaction (RT-PCR) 
The expression of ARI' in various tumor cell lines was 
determined by K I'-PCR using primers designed to amplify a 
300^ bp Iragmeni oi the message encoded by ARF exon 13 
(ARI- forw ard: 5^-(;ArATACTCGAGCTGCTCACCTC-3'; 
ARF exon Id reverse: 5'-GTATAGGATCCCTGGTCTTC- 
TAGG-3'). Total cellular RNA was prepared from about 
5x 10^ cells using the RNeasy® kit from Qiagen (Valencia, 
CA) and following the manufacturer's procedure. Five 
micrograms of RNA was reverse-transcribed into cDNA in a 
22-/iL reaction containing 0.5 mM each of deoxyribonu- 
cleotide triphosphate (dNTP), 50 //g/mL oligo deoxy- 
thymidine (oligo-dT), 40 U of rRNAsin, 200 U of Moloney 
Murine Leukemia Vims reverse transcriptase and reverse 
transcriptase buffer. Control reactions that lacked reverse 
transcriptase were included, in order to control for the 
presence of genomic sequences. In all cases, control 
reactions produced no signal upon PCR amplification. This 
cDNA was then used as a template for PCR. PCR reactions 
were performed in 25 [ using 3 ^, L ot eD\ A, 25 pmol each 
ot forwara ana reverse primers, 250 ,jM eacli ol dNTP 
il.iannacia Fscut.i^av \j > 2- L 01 T,.q pol i.ciase, >1 
butfei, and solut.Li. (jiQuiyui . luuc.,' b^ ^...Ltiopnoresis 
on a i% agarose gel contaiMi l ii s ,g ml etnid.uni 
bromide The amplification prorw. .\.'s , s loiuiv s 1 c\ cic 
{94C for 1 minute, ?0 seconds, 20 cscles (Wc'fji 
I minute. 57 C for 1 miiuiv .vires ^Osccintisi 

and 1 cycle f 94 C for i 1 , i^. v ' n nutc, ''u C f,): 
'' minutes) dN FPs 'o- ,> ;< „ .% \ piepa-aiion weie 
purchased fror, P'-,a,m.a .1 Oiigo-dl. reverse transcnptase 
and buffer, a Rx \, \ve,e purcnased form Promega 
(Madison \M Ail om^' PCR reaction components were 
purchased from Qiagen. 
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Western analyses 

Cell lysates (50 fjg) were electrophorcsed m a 15"., acryl- 
amide gel and blotted onto P\'DF membranes 1 Osmonics. 
Minnetonka, MN). Membranes were then treated with pri- 
mary antibody: p53 ( 1 :500 ). ARF ( 1 .500 mdmZ ( 1 :500 
bax (1:200). and bcF ( 1 ,10(> ), Mouse monoclonal anti-p5j 
rAb-6) was purchased from Oncogene Research Products 
(Cambridge. MA). Rabbit polyclonal anti-p[4'^'^* (full- 
length protein) was purchased from Zymed Laboratories 
(South San Francisco, CA). Mouse monoclonal anti-mdm2 
(human) SMP14, rabbit polyclonal and-bax, mouse mono- 
clonal ami-bcL, mouse monoclonal antiactin, and horse- 
radish peroxidase-conjugated antirabbit and antimouse 
secondan,' antibodies were purchased from Santa Cruz 
Biotechnologies (Santa Cruz, CA). Treatments were carried 
out according to the protocol recommended by the 
manufacturer. Antibody reactive bands were revealed using 
the ECL^PIus Western blotting detection system (Amer- 
sham Biosciences, Piscataway, NJ). For quantitation of 
bands, we used Kodak digital camera and analysis software 
(Kodak, Rochester, NY). To control for equivalent loading, 
blots were stripped and reprobed with antiactin antibody 

Growth and viability assays 

Cells at 60-70% contluency in 24-well plates were treated 
with adenoviral vectors in a medium containing 2% fetal 
bovine serum at varying multiplicities of infection and times 
and then replated in triplicate in 96-well plates at 3000 cells/ 
well (for 72-hour assays) or 1000 cells/well (for 6-day 
assays ) in complete medium. Under these conditions, control 
(untreated) wells remained stibconfluent and in exponential 
phase growth for the duration of the assay After 72 hours (in 
some experiments 6 days ), 20 /.iL of a solution containing 
333 //g/mL MTS (3-(4,5'-dimethylthiazol-2-yl)-5-(3- 
carboxymethoxylphenyl-2-(4-sulfbphenyl)-2j7-tetrazolium 
inner salt)) (Promega) and 25 ng/mL PMS (phenazine 
methosulfate) (Sigma, St. Louis, MO) was added to each 
well of the 96-well plate. The plate was incubated at 37"C 
for approximately I hour in a humidified 10% CO2 atmo- 
sphere, and OD at 490 nm, proportional to the number of 
viable cells, was detemiined using an ELISA reader. 
Viability was expressed as a percentage of control, mock- 
infected cell viability. 

Animal chamber model 

Tumo! cell spheroids of N202 cells were ptepcx,n; ry 
placing 150 ijI ,wel' ot N2(i2 celn lO' celiO n. D\1LM 
contaming 10% fetal pom a -em n ir 'm hci 01 a 
bottom plates coated v\ i,, .« dlo^- 1, se.d,- 

DMEM for a Iiqui. . c, ,au .ae ut 

37^C in 10", CO2 foi .lou.s v.n.,Wed <> .(0 -e. 
spi.eicids were removed tiom 96-well plates, Wd.sned m 
serian-trce medium, and implanted into the dorsal skinfold 
ciuimner of n..de :n'ce -is pio\ > .sh des.-i'-cu '"^ ' '' 
Intravital microscopy was pe-fonnei. isi„i_ a Xinxi^ i 
rescence microsccpe { Mikn -i L.st 1 1, s - D ego C \ 
equippea with a,i epi-iliummaa 1 ^ s ,ivl i-'!,tet.sil";..u 
target camera (SIT68. Dage-Mil M.ciiiy.. C t- IN, 
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attached to t.-.e --c \ i^l... ./iiliun of tumor growth 

in the chanuv u;'- ,.cr,.j\ ..I umiij a GFP C 3902 filter 
cube Chroma. Fiattlcboro. \J). Cell viability was visual- 
ized b;. the mtiinsic fluorescence of H2B-GFP, permitting 
e\£.Iuation of chromatin nitegrit) under x20 and x63 
o^ieetAes \naphase figures, nuclear karyohexis, and 
p\ACct.c nuclei were cdsih identified under high-power 
m.cioscop) ii\e davs ibJlowinL, implantation of cells, 
chambers were .riccted with 2^ 10" pfu of Adl3 or AdLuc, 
and chamncAs were unseized 24 hours later. 

frypan Biut l\. !u-,iun .is-xj) 

Duplicate wells of cells m 24-well plates were assayed 48 
hours post vector treatment. Medium plus floating cells 
were removed ( 1 niL) ana the attached cells were deuched 
from the plate with 100 of 0.05% trypsin in phosphate- 
buffered sahne (PBS), and combined with the medium plus 
floating cells. A total of 200 nh of Trypan Bltie slain 
(0.4% in PBS; Sigma) was added to the cells and the 
percentage of blue -stained, nonviable cells was determined 
by cell counting. Averages and standard deviations were 
calculated. 

Annex in V staining 

Cells were plated in 24-well plates, treated with vector, and 
stained with Annexin V 24 hours later using the Annexin V 
apoptosis detection kit (Santa Cru/, Biotechnology, Santa 
Cruz, CA) according to the manufacturer's instmctions. 
Briefly, the medium was removed and cells were washed 
once in PBS and once in assay buffer. Cells were then 
stained by adding 300 f.iL of assay buffer per well, 3 fiL of 
Annexin V, and 30 /xL of propidium iodide. Plates were 
observed with a fluorescence microscope and photographed 
immediately. 

Cell cycle analysis 

Cells in 6- or 10 -cm culture plates were treated with vector 
and adherent cells were harvested 48 hours later Cells were 

fixed and stained with propidium iodide as previously 
described.'*^ Cell cycle analysis was cairied out using 
a FACScan How cytomctcr ( Ik'cton Dickinson, Franklin 
Lakes, NJ). DNA histograms were analyzed with the ModFit 
program using doublet discrimination. Each analysis was 
performed in duplicate or triplicate. 

Adenoviral vectors 

A replication-defective adenoviral vector was constructed in 
which the viral ElA and EIB genes were replaced with the 
ARF exon 13 coding sequence, together with the CMV 
promoter and SV40 polyadenyiation signal, using the 

pt^EIspIA and PJMI7 plasmids available from .Microbix 
I foronto. Ontanc C,.,-,.-d;: ) Tht sequences encoding ARF 
- w.;ie crt.t.r v PC 'i a nphilcf.tirii fn>m normal 
. -noil s\ .1 inid'.T \. us..-.g pn.ucr- descrdx-a uboxe 
(See RT-PCR) \iral packagin;. waj ..cconiplisheu by 
cotransfection of human kidnej 2')? lc.is U w pi.ssaLie; 
Microbix) with these two plasmids. tol.nwed h> (.\erla\mg 
the ceils with complete medium containing I '-/.. agarose and 



incubating at STC in 10% CO2 until plaques appeared 
(about 3 weeks). The vims was isolated from these plaques, 
expanded, and purified on cesium chloride gradients using 
published procedures''' and characterized for the ability to 
induce expression of ARF exon 13 in the ARF -negative cell 
line MCF7, as determined by RT-PCR and Western analysis. 
Viral titers in viral particles (vp) per milliliters were de- 
termined by measuring the OD 260 nm and calculating 
concentration based on the relationship: 1 OD(260)=10'2 
vp/mL. Viral titers in plaque-forming units per milliliter 
(pfu/'mL) were detennined by an endpoint dilution assay on 
293 cells in 96- well plates as described for the TCIDs,, assay 
in the Quantum Biotechnologies AdEasy® applications 
manual (Quantum Biotechnologies, Carlsbad, CA), and 
found to be lO" pfij/mL. The vp-to-pfii ratio was 70. 
Replication -competent virus was not detectable in lO"' vp 
assayed on human fibroblasts. 

Replication -defective adenoviral vectors encoding 
human wild-type p53 (RPR/1NGN201, Ad.5CMV-p53 ), 
firefly luciferase, and bacterial 3-galactosidase were pro- 
vided by Introgen Therapeutics (Houston, TX).""-'' These 
are referred to here as Adp53, AdLuc, and Adpgal, 
respectively, and have been used previously in our studies.^^ 
The p53 and p-galactosidase genes are expressed from the 
Cytomegalovirus promoter. Tlie luciferase gene is expressed 
from the Rous Sarcoma Virus promoter. All vectors are 
ElA - and EIB -deleted. Viral titers were as follows: Adp53: 
3.6x 10'" pfu, mL; AdLuc: 2x lO" pfii/mL; and Adlf3: lO" 
pfri/mL, The vp-to-pfij ratios were about 50-80 for all 
three vectors. 

X^gal .t.inint; 

To assess the efficiency of adenoviral intcciion in each 
cell line, cells were treated with varying doses of Ad (gal 
for 3 hours, and 48 hours following vector iivatmcnt. cells 
were fixed in 3.7% formaldehyde in PBS and stained 
with the 3-galactosidase substrate X-gal (5-bromo-4- 
chloro-3-indoyl-6-D-galactopyranoside), which generates 
a blue -colored product in cells expressing the transduced 
3-galactosidase gene, as previously described."* 



Frequent reciprocity of ARF and p53 abnormalities in 
human tumor cell lines 

We im esticated bv RT-PCR the ARF status m a panel ot 1 



■ 1 p';3 status ( Fabk 



a reciprocal n 
itics c.cci in 
glioblasis ^ 
carcii o iia h< < 



N.th 



1 cs T-rcc e, 1980 

' in u. ...xi >.Kx)^ ovarian 
cii^i.s u, S ... p-3 w d \r<l 1 nCAP 
prosiiae c.,; cei eelis expresses ARF, whiui we confimied b> 
se..uence analysis to con-espond to the published wild-type 
sequence-"^ (data not shown) and to retain wild -type p53 
( confinTieii by sequence analysis d, 1 1 ef sh< \' .s 
shown below. ! nCA.P cells do ,1 1 .pn^.i u i\.,,\puss 
mdm2 protem. the other key moduL.tia ot p^ - si,.hi,it\ and 
function, and thus appear to have the p53 pathway intact 
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Table 1 p53 and ARF status of tumor cell lines 
Celi line p53 status (see last cdi 



Reciprocal events? 



1VICF7 
T47D 

MDA-MB-435 
MDA-MB-231 
N202 (murine) 



Wild type 
Mutant 
Mutant 
Mutant 
Wild type 



Negative 
Positive 
Positive 



Lung cancer 
H23 (scic) 
H3S8 (nsclc) 



Colon cancer 

HT29 

SW480 



Mutant 
Wild type 
Mutant 



Negative 
Negative 
Negative 



Prostate cancer 
PC-3 
DU145 
LnCAP 



Mutant 
Wild type 



•Determined by RT-PCR, 

tSee http://www.iarc.fr/p53/lndex.html. 

{Y Huang (data not shown). 



Positive 
Positive 
Positive 



[50] 
[51] 



The N202 murine breast cancer ceil line also expressed ARF 
and retained expression of wild-type p53 (confirmed by- 
sequence analysis; data not shown). 

Broad tumor suppressor activity ot Adl3 in human tumor 

cell lines 

\\c constructed an V lA ElB-dcleted leplication-defective 
adLno\n-us denoted Adl encoding the exon 1 -> portion of 
ARt —- the region demonstrated to encode ARF tumor 
supp cssoi aa.\ il\ 1 It tu,ni , supples ,0. dctu.tv ut \ul J 
' t. i.wu usinj ihe \iCr^ tell sue that lac^s endogenous 
\Ki- ( hig 1 A. lane a) and expresses endogenous wiid-type 
p53 ( see Table 1 ) We observed that MCF7 cells treated with 
AdH3 undenvent a dose -dependent increase m immunor- 
.jctn<.nrotc,i,u i.,n, ,1, ^ .( ARf-exon I MFig lA. lani,s 
b.r.i.uhut v.. ei ^r,.^ tli tie \ i<.r.iht% ot \dl 
'eat.i' dhi \ I li \ .h, n Mas ncasurec Dy the 

folk HI u.L st..rt * t taU,.crt I'.e tLmi Mdbditv IS used 
thiipi 1 1 I f , s N,ud\ t(- 1, e>i the C'\ei.ili metdpohc activity 
of th>.> t I pip., .,t. , as letlectea bv the bioconversion of a 



tetrazolium salt, MTS, to a colored product, and is propor- 
tional to the cell number. Suppression of viability refers to 
the percent decrease in overall metabolic activity of the 
vector -treated cell population relative to an untreated 
population. Equivalent loading on Western blots was verified 
by stopping the blots and reprobing with actin antibodv i not 
shown). No suppression of viability was observed m 
AdLuc-treated cultures (Fig IB), indicating that nonspecific 
vector- associated toxicity was undetectable 

\s snown m Figure 2 A and B lespectne'y \dl ■• also 
sjppicssLu the ,?( .!/(, \uitMin\ undt, \ u tumcir enici'^ tt 
munne N202 cells, \^hich txpiess ^ni. i jei.un^ V 
p53 as well as endogenous ARF flpi-n.'' uluI-i 'i ; 
N202 Jcli- K in 7h(, p i. .e'' \.:, ' 

123i2% Trypan Blue-stamed cells, ^8 i.r^ fl. e , 
. ettmeiit, indicating that ceil death occurred Cuntiol 
vei. -or -treated cells had no detectable staining For visual- 

/ation of /« 1 n o effects, we used intravital video inicroscopv 
of i,.ni,.r cell spneroids implanted m dorsal skinfold 
diambers ii. nude inicc'"* followed by treatment with 
Adl - or AdLuc (control) fo distinguish apoptosis from 
mitotic arrest, tumor cells had been modified ex vivo to 
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i I untreated 
rzi 500pfu/celi 
■■i lOOOpfu/ceil 




Ad1fJ Ad Luc 

Figure 1 A: Induction of immunoreactive ARF exon 1 protein 48 
hours following treatment of MCF7 ceils with Ad1 i. Ceii lysates were 
prepared from untreated cells (lane a), and from cells 48 hours 
following treatment for 3 hours with 500 pfu/cell Ad1.) (lane b) or 
1000 pfu/cell Ad13 (lane c). Each lane corresponds to 50 /jg of 
cellular protein. B: Average viability based on triplicate assays of 
MCF7 cells 72 hours following the indicated vector treatments. 
Viability (see text for definition) is expressed as a percentage of the 
viability measured for untreated cells. 



and ARF status, we selected seven representative cell lines 
from those listed in Table 1. The cell lines (Table 2) were 
chosen so as to represent each of the four possible states of 
p53 and ARF status: (a) abnormal p53 only (DU145. 
PC3); (b) abnormal ARF only f MCF7. U87); fc) abnormal 
p53 and ARF (T98G, SK0V3 j; and (d) wild-type p53 and 
ARF (LnCAP). In addition, with the exceptioii of LnCAP 
cells, all cell lines tested lacked expression of either Rb or 
pl6, and therefore lacked a fimctional Rb pathway,-"* 

The relative infectabilities of cell lines were variable, 
as deiermined 4S hours following treatment of cells with 
an adenoviral vector (Ad.lgal) e.xpressing the bacterial 6- 
galactosidase gene (see Materials and Methods). Neverthe- 
less, conditions that ensured a high percentage of transduced 
ceils (>80%) in all cases based on X-gal staining could be 
found, and were as follows: 500-1000 pfu/cell, overnight 
(T98G, SK0V3); 500 pfii/cell, 3 hours (PC3); 200-500 




constimtively express a Histonc HZB-GFP fusion protein, a 
fluorescent marker protem that localizes to the chromatin and 
enables visualization of nuclear morphology. Munne N202 
cells LK'w 1 nenencapsulated tumor resembling a spon- 
taneous lumor, unlike the majority of human tumor lines, 
mcliunii;,; ,Vi(. 1-7. m a murine environment (P Borgstrom. 
u.ipuhlnhed data), and thev therefore allow us to assess the 
behaMoi of tumoi cells in f, grouth tn\ironmcri more 
lIosc'^ ■e-,^mh(ing j clinical situatu n I i\e da> Ir.llow la^ 
■•■l"":'i-->r " i' r ^ * . - o \dl s:c (Ci^ntrui; Was 
injected into tn. i .i.-c- nd the cellular response was 
observed 24 i , - . , , n m Figure 2B. treatment 

• ■ - ■ ■ ' , - > UL (Left panel), led 

~ ■ ■ - , I -I'^ised and irregular 

- I <■ > Therefore. Adli 

^ ci I,. , "imi, ^,e,ct■ e . , protein with tumor 
a ,)■> .s^o ,'„,ct. 1 r, 1 1, .1 muni t. . .u .-Mxnm tumor cells 

ul.ij Hit' , tiv.l, '3i f'l n ,t 11 .j.lu ill 1, ; 

It deteimme Hjittnci ti.e iun-cr suppiessor activity of 
Au! i-\tefucd a buT lino, cell lines of varying p53 



Figure 2 A: Percent viability ( relative to untreated cells) of N202 cells 
72 nours after treatment with the indicated vector doses (average o' 
trtpltcate assays) B: Photomtcrograph i i.r/rrt hl^ 'r^ t'fect of Adi i 
treatment of HZOZ tumor cells in dorsd v< 'oi. •:;r-j"-,Dcr<! in nude 

mice N202 cells were moaripil ic t-t - t>rr, i?n f f-' 

Cor ' . J 7 , ^ '"1 




'^^'^^ ""CVS condensed and fragmented 

nuclei c I a < L-* 1 cc.'b several of which are indicated by 
«iTows. Magnificatfonaxaoo. 
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Table 2 Summary of relative suppression by Acip53 and Ad1B 



p53»13 
p53>13 
10ap53 



'Determined by RT-PCR. m = mutant; wt=wlld type. 



pfu/cell, 3 hours (DU145, MCF7); and 100-200 pfu/celi, 3 
hours (LnCAP, U87), 

These cell lines were then treated with varying doses of 
Adia, Adp53, or AdLuc (control), and cell viability was 
measured as for Figure 1 (see also Materials and Methods) 
72 hours following the start of treatment (Fig 3 ). Vector 
treatment also resulted in a reduction in [^H]thymidine 
incorporation into DNA that paralleled the results of the 
MTS assay (data not shown). The results show that 
nonspecific vector- associated toxicity was minimal, as the 
AdLuc control vector was well tolerated by the lines under 
all conditions. Because all three viral preparations displayed 
similar vp-to-pfu ratios (in the range of 50-80), non- 
specific vector-associated toxicity was assumed to be similar 
tbr all three vectors. 

We observed that suppression of viability (defined above) 
by Adp53 was independent of endogenous ARF and p53 
status, as expected, and reached >95% for all cell lines 
tested. Suppression of 72 -hour viability by Adl3 fell into 
one of three patterns that depended on endogenous p53 
status: (a) cell lines null for endogenous p53 expression 
(SK0V3, PC-3) were not suppressed by Adl3 (Fig 3A. 
column I; Table 2); and (b) cell lines expressing endo- 
genous mutant p53 (T98G, DU145) were less suppressed 
by AdU3 than they were by Adp.53 at equivalent vector 
doses (Fig 3A, column 1; Table 2). At the highest treatment 
dose of Ad 10, T98G and DU145 could be suppressed by 
about 50% and >95%, respectively, with data points being 
completely nonoverlapping with controls. Finally, (c) three 
cell lines expressing endogenous wild-tvpe p53 (LnCAP, 
MCT7 US") were suppressed bv both \dp53 and Adl3 
10 simiLu extci.ts at eoui\alent NtUii doses (Fig 3A, 
^.olumi, i,, faolc 2). ui one cell line null tor endogenous 
.:>-• iK -< ' g . \ tn ai,u xiahiitv louR' suppit-sseu l-\ 
about 25% by 6 days posttreatment (1 j. ii' 
expression of endogenous wild-type p5- ^o. f 
AdM-mediated suppression of tumor .'i , 

\idbility, but IS not strictly recu! c ' u'l.i.i",^- c cuu.m 
198C cells lack expression of ths. , ■ ,i -oepi ii.ent kinase 
inhibito- pI6.^'^ and therefore have a ueteune Rb path- 
u 1)1 '1 45 cells express a nonfunctional Rb pro- 
.■■^ .-suits suggest an activity of ARF in hum^n 
.1 . ' c- ' that is independent of e.ther the p53 oi Ro 



Induction of cell death and cell cycle arrest in Ac/78 - treated 
cells in the absence ot induction at p53 downstream targets 
To dcteimine tiie extei t to whiJ tell death or cell cycle 
arrest accounted foi iho \dl -i mol uiied decrease m overall 
culmre \iabiht> obsen.ed ii, Uj.uk 3 ws performed 
quantitative Trvpan Blue excluMnn issavs ut total cell dcatn 
Annexm V staining aNSa\s ot ipop'otn. lcI' dc. tr rd 1 ic < 
Cytometnc analyses ot cell lM-Il i.n • „es 24- tS our-n 1 e. 
vector treatment of foui lepiesentatue cell l.res i 1 9S(j 
DU 145, LnCAP, U87). Vector treatments were chosen based 
on Figure 3 to provide about 50-70% suppression of the 72- 
hour viability: (a) 500 pfu/cell. overnight (Adlfl, AdLuc) 
and 500 ptu tell 3 hours ( Adpi3) toi T9S(j and DU145; 
(b) 200 ptu cell 3 houis (all \tLtor ) lor LnC \P ind (c) 
500 ptu/cell, 3 hours (all vectors) for UH:-. 

Trypan Blue staining, which measures cellular membrane 
breakdown characteristic ot total cell death (apoptotic + 
nonapoptotic ), was carried out in duplicate 4!';-hour post- 
vector treatment. In control vector (AdLuc )-treated cells, 
viaoility was iiigh and Trypan Blue-stained cells accounted 
for only a small percentage of the population: 1 ±2% ( T98G ), 
0±0% (DU145), l±l% (LnCAP), and 6±2% (U87). In all 
four Adp53 -treated cell lines (irrespective of endogenous 
p53 status), there was a marked increase in Trypan Blue 
staining relative to control vector- treated cells: ]7±5% 
(T98G), 37±5% (DU145), 29±3% (LnCAP), and 36±1% 
(U87), as expected. In three of four cell lines (DU145, 
LnCAP, U87), Ad I (3 treatment also led to a marked increase 
in Trypan Blue staining: I3±6% (DU145), 29±3% 
(LnCAP), and 36±l% (U87). One of these cell lines 
(DU 145) expressed endogenous mutant p53, indicating that 
Ad 13 did not require endogenous wild-type p53 expression 
to induce cell death. 

A 2: 



'^^S '^Sz: '^tS 




Percent viability (relative 
>.r)r ipi infs measured at (A) ' 
-a, t o.T' ' ci,„s ,A/ith the indicates 
\A A .> are showr^ as p*u 

•- ~-i -tatrrents indicated b> -i 



SymDols are as follo\ 



Adp53 






Figure 4 Anncxin V staining patterns on T98G, DU145, LnCAP, and 
U87 cells 24 hours following treatment with Adi i or Adp53 at doses 
described in text. Fields were chosen so as to avoid scoring per- 
meabilized cells (propidium iodide -positive). Such cells represented 
less than 1% of the cell population. Arrows indicate some of tlie 
typical Annexin V-stained cells. Magnifications x 100. 



We used Annexin V-FITC binding to cells 24 hours after 
vector treatment to detect the early phases of apoptosis in 
live, intact cells prior to membrane penneabilization ( Fig 4). 
At this early stage, membrane -permeable cells (detected by 
propidium iodide stainmg ) accounted tor less than 1 % of the 
cell population (not shown) and these were not scored for 
Annexin staining. Figure 4 shows typical Annexin staining 
patterns of T98G, DU145. LnCAP, and U87 cells following 
treatment with either Adlg or Adp53. Annexin staining was 
not observed in control cultures or in cultures treated with 
\tl!.L.^ I noi s'-.own ) \nne\in staniing could be observed in 
all cell lines following treahnent with Adp53. indicating that 
ipoptosis w d\ ts .gger^d d\ the treatment, and consistent with 
1 .,e^ ,.ii.c b4\-to-hti satio observed by Western anal>sis 
f>C.p . 'h wm-^ tie,.tment with AdI3, LnCAP cells 
\|' L'^- .-niifgenous \Mid-rype p53 
a -p \ \,s,x\, 1 , « herens T98G cells and DU145 
■• .' . ^■'.''r.r. .1.^ c^,v^-si-n of w.ld-type p53 
... \ ui-p a\ \i, lXi s,a,i ! 1 1 >; ether with the results 
i Me 1 \p .-. fc.tt tM lA I 1 .,ssa\. t.ii'se data suggest that 
.('. fi MS 1-, 01 eiiic/e ,iH ing<.'e,tJ -i\ \dl ) unless cells 
v-Xi.e-s ^.Aioyu ols wil.i-i\pe p^3 lio\\e\er even when 
.pi.pic IS -ot uetcctec. a ncnupoptotio icni ol cell death 
n..\ L rf icjtc the loss of \iability ooserved after Adl 3 



treatment of some cell lines lacking endogenous expression 
of wild-type p53. 

We used FACS analysis to examine cell cycle changes 48 
hours following treatmejit wnh Adl ; or Adp53 (Fig .S). We 
found that Adp53 treaiment induced an accumulation of cells 
with Gl DNA content in all four cell lines. Adl - treatment 
induced an accumulation of cells with Gl UNA content 
(LnCAP T98G). ill DNA content (U87), or S/G2 DNA 
content (DUI45), and the arrest pattern could not be pre- 
dicted from the endogenous p53 status of the cells. That is, 
US? cells that expressed endogenous vsild-t\pe p53 were 
arrested in Gl by Adp53. and G2 by Adl 3. Taken together, 
the results of the Trypan Blue exclusion assay, the Annexin \' 
staining assay, and the cell cycle analysis re\eal ditferences 
in Adld- and Adp53 -treated cells, which suggest that the 
pathways induced by the two \ eciors are. in pan. dilfereni. 

Western analysis of p53 target genes 
We used Western blotting to examine the expression of the 
p53 target gene hax, known to be associated with apoptosis, 
in cell lysates prepared 72 hours after treatment with Adl8 or 
Adp53. Induction of iTidm2, a p53 target involved in 
feedback regulation of p53 stability, and of p21, a p53 target 
involved in cell cycle arrest, was also examined. We also 
examined the expression of bcl; and calculated the bax-to- 
bcl2 ratio, a critical determinant of apoptosis. All cell lines 
except LnCAP were treated with 500 pfu/cell vector for 
3 hours. LnCAP cells were treated with 200 pfu/cell vector 
for 1 hour 

As shown in Figure 6 (first and second rows ), treatment of 
all cell lines with Adp53 resulted in an increase in p53 
protein, and treatment of cells with Adl|3 resulted in an 
increase in exon Ip protein, as expected. Endogenous levels 
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Figure 5 FACS analysis of propidiun-, ..oio; 
as described in text and fiarvested 48 hours pos 
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Figure 6 Western blot analysts of p53. exon 1 tnQm2. bax. and bcis 
expression in T98G, DU145, LnCAP, and ue? cells following 
treatment with AdLuc (control), Adiit or Adp53, as described in 
the text. The expression of oax and bclg was quantitated using a 
Kooak camera ana anaiysi.s software and the ratios of bax to bclg 
following treatment with each vector are shown in the last row, after 
normalizing the ratios to that of AdLuc-treated cells. Each lane 
represents 50 ng of protein. Equivalent loading was verified by 
stripping membranes and reprobing with actin antibody (not shown) 

of p53 and AR.F were low to undetectable under our 
conditions. In all cell lines treated with Adp53, expression of 
p53 target genes mdm2 (third row), p21 (fourth row), and 
bax ( fifth row ) was also induced relative to levels in AdLuc- 
treated cells, and an increased bax-to-bcla ratio indicative of 
induction of p53- mediated apoptosis was observed (bottom 
row). A second analysis of ba,x-to-bcl; ratios in independ- 
ently prepared lysates gave .similar results (not shoun). The 
doublet band observed tor mdm2 in T98(;. DL'l45. and 
LnCAP cells may represent dilferentially pliosphorylated 
forms or the products of multiple transcripts. " In cell lines 
expressing endogenous wild-type p53 (LnCAP and US" ), 
treatment with Adlp led to increased levels of endogenous 
p53, consistent with the involvement of ARF in the p53/ 
mdm2 feedback loop, and resulted in increased expression of 
p53 downstream targets. Thus, expression of exon 13 
triggered the p53 pathway in these cells. 

In conirast, Adl ;( treatment of T98G and DU145 cells that 
lack endogenous wild -type p53 expression did not result in 
increased expression of p53 or its downstream target genes. 
As shown in Figure 6, levels of mdm2, p21, and bax 
following treatment of T98G or DUI45 cells with Adl8 
were similar to levels observed following treatment with 
control vector (AdLuc). Bax-to-bcl2 ratios in Adl(3-treated 
T98G and DU145 cells were also similar to ratios observed 
in control vector (AdLuc) -treated cells. Lysates from T98G 
cells treated overnight with 500 pfu/cell Adip (not shown) 
gave results similar to those shown for 500 pfo/cell for 
3 hours. 



Discussion 

This study examined the suppressive effects of a p 1 4''''^'' exon 
10 adenovirus (Adl3) in human tumor ceil lines of varying 
endogenous p53 and ARF status, so as to address the possible 
application of ARF-based therapies to the treatment of 
cancer. The high frequency with which the ARF gene is 
deleted in human cancer makes ARF a promising candidate 
for therapy. However, the possibility that efficient tumor 
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s> ppresM. ^\ \R . Ic' iLquue in intau p>^ net 01 Rb 
pat' H \ r I sts I ^ iLLm to tne Kneiabtv ot its applitdtion 
\\e show thai A.dl is mo t eltcttne iii cell lines expressine 
endogenous wild-type p53 Ka] has IiuIl to no acti\ itv m 
two cell lines that are null tor cndoL'onou p^^ expression 
(SK0V3. P(-M Ho\vt\ei Vd 1 \;s ..n,oi Mippics.^i, 
activity, as manitested by the induction ot cell cycle arrest 
dnd ot cell death, in two human tumor cell hnes expressing 
endogenous mutant p<i3 (T98G, DU145). Because these lines 
cells also lack a functional Rb pathway, the results point to 
an aciivity ol ARh that is independent of p53 and Rb in 
these settings, through a mechanism that is unknown 
Suppression oi tumoi cell growth and viabilitv tollowinii 
treatment with Ad LI involves both the incluclion >;I\ l-|I Jc iii-^ 
and cell cycle arrest. Induction of apoptosis hv \dl . de- 
termined by Annexin V staining ot vci-ti i itcaiLd is is 
observed only in cells expressing endogenous wild-type p53 
Cell cycle analyses, IiApan Blue exclusion assays for cell 
death, and Annexin V staining assavs of vector -tieated cells 
pointed to both p53 -dependent and -independent activities 
ot ARF. Thus, whereas apoptosis induction by .AdL; 
occun-ed only in cell lines expressing endogenous wild- 
type p53 (LnCAP, U87), induction of an apparently 
nonapoptotic forni of cell death by Ad If), revealed by 
Trypan Blue staining, could be observed in DU145 cells that 
express endogenous mutant p53. In addirion, the cell cycle 
distribution observed in cells treated with Ad 10 or Adp53 
did not necessarily follow a pattern predicted from a model 
m which .ARI- acts entirely through the p53 pathway. Thus, 
Adl:j induced an accumulation of cells in G2 in U87 cells 
expressing endogenous wild-type p53, whereas Adp53 
induced an accumulation of cells in Gl in these cells. 

We used Western blot analysis of four representative cell 
lines ( 198G. DL'I45. LnCAP, U87) to examine the p53 
downstream targets iTidm2, p21, and bax, whose promoters 
are induced by p53. As expected, induction of these targets 
by Ad I ,^ required that the cell express endogenous wild-type 
p53 (LnCAP, U87). Furthermore, AdLi treatment induced 
an elevated bax-to-bcl. ratio characteristic of apoptosis only 
in cells expressing endogenous wild-type p5^ (tnCAP 
U87), consistent with the Annexin V staining rcsulis In 
contrast, Adp53 treatment induced these genes and rcsiilicd 
in an elevated bax-to-bclj ratio m all four cell lines 
irrespective of endogenous p53 and ARF status. The results 
are consistent with wide range of studies showing that an 
important activity oJ ARF is induction of the p53 pathway 
However the fact that suppression of viability by Adlfl 
occur.s m cclLs lacMiig endogenous p,'S3. and m the absence 
of indi..i e .1 tk ps^ r'tii'^J> points to additional 
pathwa\s ot suppicssn..! ci \Ri . •, v ell 

Numerous lines of evidence support a model m which p53 
and ARF have interdependent rotes For example, p53- 
mediated apoptosis in the developing lens of Rb - / - mice is 
atteniu.(i.d i t\ -'i, i. v. u .<, ^nus "> ^ \ ,i" n ,„ ^ , 

''"-'-I- i - I'l ■- L I tne ulvml- \>l i\ 
duraih n ot ti..j 'L-pi-ise is -Lo t^. leu lu ! ,.-sl ci \ li 
expression'^ Converseiv ,n si i.,^- sctinjs AkI a.ni.t,iii. 
depends on p53 ARF ai,cs :,c t ihuuce gionii ^j.esi oi eaii^ 
passage mouse embryo fibrobi ists . \1L1 s ' ni In, \ ji us K 
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p53r Suppression of transformation of rat fibroblasts bv 
ARF also requires expression of wild -type p53 ^ 

Nevertheless, it is becoming increasingly clear that the 
functions f \RI „Jp->5 not entirely interdependent A 
reciprocal :cl i < i^li p 7.tv\cen ARF loss and p53 mutation 
has not been ooser\'ed m all cancers, for example, 
si ^ges.ng tn It 1 iaLTi\ ,1101, ot \RF/Jt; st ma\ constitute an 
nuepei Jcpt su--vnal t^ nti^. M '1 c ca-uu cell Moil- 
I ip <- olvoi! f I'cc 11 1 1^ ' ^ is in ps^i mdm2 and 
\Ri tfisp. .\ a nio.ide, spearum ol lumors t.hat dL\elop i loie 
rapidly compared to da.bk kiuxKoit. ill Iilkh jli K p~>3 
and mdm2, or single knockout mice laekinL' onlv pSl 
indicating that ARF expression in single or double knockout 
mice reduces tumor formation. In one study, MEFs from 
mice iiullizygous for p53, mdm2, and ARF were observed to 
be growth -suppressed by ectopic reexpression of ARF, 
indicating that ARF is able to suppress cell growth 
independently ot p53 in some cases. "'' Another" stiidv 
reported that immortalized MEFs from p53 nullizvgous 
mice could be growth -suppressed by ectopic expression of 
ARF, whereas inactivation of both the p53 and Rb pathways 
effectively abrogated growth suppression by ARR* These 
results reveal a more complex pattern of suppression by ARF 
and p53 one that might not be predicted simply on the 
basis of endogenous p53 and ARF status. In thc'picsent 
study. All! ^mediated suppression of T98G and Di;i4S 
cannot be explanieii by an absence of mdm2 expression as 
mdm2 was readily detected in those cells, or by an Rb 
path\\ ay mediated ctTect. as both cell lines had defects in 
this pathway. ARF has now been found to interact with 
several [iioteins in addition to mdm2, including E2F-1," 
topoisonieiase,-^'* and mdmx,^* and these or other proteins 
may play roles in ARF activity in certain human tumor cells 
One possibility, though speculative, is that an interaction of 
ARF with the DNA replicaiive machinery could disrupt 
mitosis and lead to cell death through nonapoptotic and p53- 
independent mitotic catastrophe. 

The tumor suppressor activity of an adenoviral vector 
encoding full-length ARF has been evaluated in cell lines 
derived from mesothelioma, a cancer characterized by 
frequent deletions of the 1\K:4\ locus and rare mutations 
ot p53. In that study, mesothelioma cell lines lacking 
express on .1 \R1 and e\picssing wild-type p53 were 
inar,vfcdly growth -suppressed and underwent apoptosis 
lollowmg Ueatment with i \RF >idcno\ irus an observation 
ihdt supports tne tnciapeutie application ot ARF gene 
tUciapy tor that disease.'" Our results with an adenoviral 
vector encoding only the exon 13 portion of ARF are 
consistent with this study, and suggest m addition that the 
therapeutic application of \RF ma> extend to a broader 
inge rt tumors lacking wild-t\pe p';3, or lacking both 
".lu IX pr ps^ ..hd R'^ p.thwavs 

. i| r'\ i,v 01 tix j s 5 i.m.v'i 'app'v.ssor ar.. 
..I e id\ m ai. adv „ncea st^ge ot i. e\ clopment w ith .lumereus 
Clinical trials ongoing Oi' «.( ip leictt t'l, t n ,i.^ <c fetv 
and efficacy ot adeno\r„- med.atto p'^- 'jeii^ Lun-,ei .-i 
cancer patients"' Because ARF-oascd theuipies may he 
highly effective in certain cancers and in\oive, m part, 
pathways that are independent of p53, an extension of these 
clinical approaches to include ARF gene transfer seems 



feasi ,e nit N promisng lo- mam eUeeis \ 

bcttc, I .CLis ndnj ot tne tumor sippiessoi aeti\it\ of 
ARF, particuidii} tne actn itv that is independent ot p33, may 
also reveal new opponunities for therapeutic intervention 
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